Bone marrow sections from 44 cats with myelodysplastic syndrome (MDS) or acute myelogenous leukemia (AML) were graded for reticulin content using light microscopic methods. Twenty-seven (6 1%) of the cats had slight to marked reticulin myelofibrosis. The association of myelofibrosis with possible pathogenetic factors, including megakaryocyte count, intramedullary lymphoid follicles, hemosiderin content, and FeLV antigenemia, was examined. No evidence was found that indicated a causal relationship between myelofibrosis and any of these factors.
Myelofibrosis is a histologic term denoting an apparent excess of collagen in bone marrow as assessed by light micro~copy.~ Two types of fibrosis are recognized based on histologic patterns in bone marrow sections stained with silver impregnation methods and trichrome stains. The fiber-like extracellular material that is blackened by silver impregnation is called reticulin, whereas material stained by trichrome stains traditionally has been called c~l l a g e n .~.~ The basement membrane of marrow sinuses also is blackened by silver impregnation and is distinguishable from reticulin fibers only by location.1° Collagen fibers, which are stainable with trichrome stains, are coarser than reticulin fibers and are not argyrophilic.8 Biochemical and immunohistological methods have shown that the reticulin fibers are principally type I11 collagen, the coarser trichrome stainable fibers are predominantly type I collagen, and basement membranes are type IV collagen.3,8,'0 The small quantity of extracellular connective tissue in normal marrow contains type I11 collagen, whereas type I collagen is restricted to bone matrix.l0 In reticulin fibrosis (argyrophilic fibers are increased in number and size), type I11 collagen is found in excess of normal, whereas in collagen fibrosis (trichromestained fibers are present), both type I and type I11 collagen are ab~ndant.~,lO Increased vascularization and concomitant increase in type IV collagen also are found in some fibrotic m a r~o w s .~. l~
In man, myelofibrosis is a frequent finding in patients with various neoplastic disorders of hematopoietic cells and is one of the defining abnormalities of the chronic myeloproliferative disorder known variously as myeloid metaplasia with myelofibrosis (MMMF), agnogenic myeloid metaplasia (AMF), or idiopathic myelofibrosis (IM).8J4 Prior to 1970, MMMF was considered to be a neoplastic proliferation of fi-broblasts derived from a primitive mesenchymal cell thought to be the progenitor of hematopoietic cells as well.25 This hypothesis has been discarded since studies have demonstrated conclusively that marrow fibroblasts are mesenchymal cells that are neither derived from hematopoietic stem cells nor part of the clone of neoplastic hematopoietic cell^.^,^ 1.19.32 Furthermore, fibroblasts cultured from fibrotic marrow have physical, biochemical, and functional properties indistinguishable from those of fibroblasts from non-fibrotic mar-
The pathogenesis of myelofibrosis has been investigated most thoroughly in patients with MMMF. The most widely accepted hypothesis is that growth factors derived from megakaryocytes or platelets stimulate reactive increases in fibroblast number and secretion of c~l l a g e n .~. '~ Myelofibrosis also is found, but less consistently, in patients with other forms of chronic myeloproliferative disorders and in patients with acute leukemias, both lymphoid and non-lymphoid, and myelodysplastic ~y n d r o m e s .~.~~'~. '~.~~.~~.~~ Additionally, myelofibrosis is found in human patients with diseases other than hematopoietic n e~p l a s i a .~~ Lymphoid follicles in marrow, found in some human patients with myelofibrosis, have been proposed to have a pathogenetic
In dogs, myelofibrosis has been reported in association with necrosis,36 hematopoietic n e o~l a s i a ,~~ and severe, congenital hemolytic anemia.27,28 Hemosiderosis could be the link between severe, chronic hemolytic anemia and myelofibrosis in dogs, since correction of anemia with bone marrow transplantation apparently prevents or reverses the development of hemosiderosis and myelofibr~sis.~~ In cats, myelofibrosis has been reported in association with experimentally induced and naturally occurring Fragments of bone marrow aspirated from many cats FeLV infection.9.1 5-17.26.29.33 with non-lymphoid hematopoietic neoplasia are firmer and more resistant to spreading between glass slides than are fragments of normal marrow (personal observations). These characteristics are suggestive of an increase in connective tissue. Therefore, in the present study, the prevalence of myelofibrosis in 44 cats with myelodysplastic syndrome (MDS) or acute myelogenous leukemia (AML) was determined using light microscopic methods. Additionally, marrows were examined for megakaryocyte number, presence of lymphoid follicles, and hemosiderin content to determine if any of these factors might have an apparent pathogenetic relationship to myelofibrosis.
Materials and Methods
Forty-four cats with a hematologic diagnosis of either myelodysplastic syndrome (MDS) or acute myelogenous leukemia (AML) were studied. The hematologic diagnosis was made by examining films ofblood and bone marrow collected before death and applying criteria proposed by the French-American-British Cooperative Group (FAB) for the diagnosis of MDS and AML in human patients.' Cats in the MDS group had cytopenias in peripheral blood, morphologic evidence of abnormal maturation in two or three cell lines in marrow, and fewer than 30% myeloblasts in marrow. Cats in the AML group also had cytopenias and dysplastic changes in bone marrow cells, but had myeloblast counts of 30% or higher. Sixteen of the cats in the study had myelodysplasia, and 28 cats had acute myelogenous leukemia. Additionally, marrow sections from 17 control cats with no evidence of bone marrow neoplasia were assessed for reticulin and hemosiderin content. Eight cats were clinically healthy and nine cats died or were euthanatized for various reasons. Of these nine cats, two had no hematologic abnormalities, three had inflammatory diseases with granulocytic hyperplasia, two had blood loss anemia with erythroid hyperplasia, one had hemolytic anemia, and one had aplastic anemia.
Marrow specimens from the clinically healthy control cats were collected as core biopsies of the iliac crest, which were fixed in 10% neutral buffered formalin. Marrow specimens from the other cats were collected during necropsy from the proximal ends of femurs that were removed and split longitudinally. Marrow was either scooped gently from the femur and fixed in 10% neutral buffered formalin or removed from the femur after fixation in situ. Specimens were embedded in paraffin by routine methods. Decalcification was unnecessary since the tissue contained only a few spicules of bone. Sections were stained with hematoxylin and eosin (HE), Gomori's method for reticulin, and the Prussian blue reaction for hemosiderin. An additional section of each marrow that had a marked increase in reticulin was stained with Masson's trichrome stain.
The degree ofreticulin fibrosis was graded in sections stained with Gomori's method for reticulin. Sections in which no or rare fine argyrophilic fibers were seen in hematopoietic cords were graded as 0 ( Fig. 1) . A diffuse network or focal areas of fine fibers were graded as 1 (Fig. 2) . A diffuse network of coarse fibers, accompanied in some marrows by a few linear coarse fibers, was graded as 2 ( Fig. 3 ). An abundance ofcoarse linear fibers distributed throughout the section was graded as 3 ( Fig. 4 ). The distribution of fibers was fairly uniform throughout hematopoietic tissue. Fibers in the walls and immediate vicinity of large vessels and artifactual fibers in areas of folded or crushed tissue were not included in the assessment.
Megakaryocytes were counted in sections stained with HE using a 50 x oil immersion objective. The number of megakaryocytes in 20 fields of hematopoietic tissue was determined, and the result for a section was expressed as the number of megakaryocytes per 500 x field.
The presence of lymphoid follicles, which were recognized as focal accumulations of small lymphocytes in HE-stained sections, was recorded. Follicles were not enumerated since their focal distribution and the relatively small sample of marrow examined would make random error too great for meaningful comparison of numbers of follicles.
Sections stained with the Prussian blue reaction were scored for hemosiderin content. Hemosiderin-laden macrophages were distributed randomly among hematopoietic cells but tended to be concentrated in the adventitia of large vessels. Adventitial hemosiderin was not included in the scoring.
Sections containing no hemosiderin were scored as 0. Sections were scored as 1 if the cytoplasm of a few macrophages was stained blue. Sections with more numerous, moderately to intensely stained macrophages were scored as 2. Sections with many, intensely stained macrophages were scored as 3.
All cats with MDS or AML had been tested prior to death for feline leukemia virus (FeLV) antigenemia by routinc enzyme-linked immunosorbent assay (ELISA). Results were indicated as positive or negative.
Results
None of the 17 control cats had argyrophilic fibers in the hematopoietic cords. Therefore, all control cats were in the grade 0 reticulin fibrosis category. In both control and subject cats, the periphery of fat cells, the basement membranes of sinuses, and connective tissue in the walls of arteries and arterioles were argyrophilic. Twenty-seven (61%) of the 44 cats with myelodysplastic syndrome (MDS) and acute myelogenous leukemia (AML) had grade 1 or greater reticulin fibrosis of marrow (Table 1) . Of the five cats with grade 3 reticulin fibrosis, only one had a few "collagen" fibers stained blue with Masson's trichrome stain. No difference was found between the MDS and AML groups in the distribution ofgrades offibrosis (Table 1) . Therefore, the prevalence of possible pathogenetic factors was compared to grade of fibrosis without further consideration of the hematologic diagnosis.
Excess extracellular connective tissue was visible in HE-stained sections of marrows with grade 3 fibrosis. These marrow sections were hypercellular and contained no fat. Linear arrangement of hematopoietic cells and the presence of palely eosinophilic extracellular material in HE-stained sections corresponded with Areas of connective tissue nearly devoid of hematopoietic cells were found only in the marrow that contained trichrome-stained fibers. This marrow had the largest amount of argyrophilic fibers of all sections examined. A range of cellularity was found in marrows with grades 0 to 2 fibrosis. Most sections were hypercellular but contained some fat. A few marrows were normocellular, and one was hypocellular and fatty. The grade of fibrosis could not be predicted from the HEstained sections of these marrows. Evidence of necrosis or infarction was not found in any section. A wide range in megakaryocyte number was found in each fibrosis grade, and the median number of megakaryocytes per field was similar in all grades ( Table 2) . The marrow with the most megakaryocytes had grade 2 fibrosis. Two of the most fibrotic marrows had fewer than one megakaryocyte per field.
Lymphoid follicles were found in the marrow of two control cats (one with acute renal failure and one with septicemia), both of which were FeLV-positive. In cats with MDS or AML, lymphoid follicles were found only in marrows with moderate or marked fibrosis ( Table  2 ). The follicles were composed of small lymphocytes and did not contain germinal centers. The diameter of follicles ranged from 73 ym to 183 ym. Follicles of slightly different sizes were found within the same section. Many follicles were adjacent to small arterial vessels.
All eight clinically healthy cats and five of the nine cats without bone marrow neoplasia had no detectable hemosiderin. The three cats with inflammatory disease had hemosiderin scores of 1, and the cat with hemolytic anemia had a hemosiderin score of 2. In the cats with MDS and AML, hemosiderin was found in 35 (80%) of the marrow samples. Marrows in each grade of fibrosis contained hemosiderin (Table 2) More than 75% of the cats in each grade of fibrosis were positive for FeLV by enzyme-linked immunosorbent assay (ELISA) ( Table 2 ).
Discussion
In this study, the prevalence of myelofibrosis in cats with acute myelogenous leukemia (AML) was 64%. In three studies of human patients with AML, reticulin fibrosis was found in 12 (35%) of 34,'* eight (40%) of 20,21 and 23 (73%) of 3223 patients. Although one author has stated that myelofibrosis is absent in most human patients with myelodysplastic syndrome (MDS),30 a recent study reported reticulin fibrosis in 17 (57%) of 30 patients with MDS,6 a prevalence comparable to that of 56% found in cats.
The pathogenesis of myelofibrosis is not elucidated fully, and mechanisms may be as diverse as the diseases with which myelofibrosis is a s~o c i a t e d .~~ However, evidence has been accumulated indicating that growth factors derived from megakaryocytes (Mk-DGF) and platelets (PDGF) are likely mediators of myelofibrosis in human patients with MMMF.3,'4 Both MkDGF and PDGF stimulate fibroblast proliferation and secretion of c~l l a g e n .~.~~ Therefore, release of MkDGF into the hematopoietic cords in marrow might produce an imbalance between collagen production and collagen degradation leading to accumulation of collagen.3 Defective maturation and intramedullary death of megakaryocytes are prominent abnormalities in patients with MMMF.3 The ineffective megakaryocytopoiesis in these patients is considered a critical component in the pathogenesis of myelofibrosis by providing a means by which MkDGF is delivered into hematopoietic t i~s u e .~
In the present study, a possible correlation between megakaryocyte number and grade of fibrosis was investigated, but could not be demonstrated since some fibrotic marrows contained few megakaryocytes and some non-fibrotic marrows contained many. This finding does not constitute evidence against megakaryocytes or their products as mediators of myelofibrosis in cats. Megakaryocytosis alone, as found in response to peripheral platelet destruction, is not associated with myelofibr~sis.~ Many cats with MDS and AML have dysplastic megakaryocytes in marrow and peripheral thrombocytopenia, findings suggestive of ineffective megakaryocytopoiesis (unpublished results). The number of degenerating megakaryocytes, which might have more meaning, could not be assessed in the material used in the present study since autolytic changes could not be differentiated reliably from antemortem degeneration. An electron microscopic study of freshly fixed marrow from many of these cats is in progress and may yield more information on this point.
Myelofibrosis in some of the cats may have been caused by leukemic blast cells. Results of studies in other species implicate leukemic lymphoid and nonmegakaryocytic myeloid cells as possible causes of myelofibrosis. Leukemic monocytes from chickens with experimentally induced viral leukemia release a factor that stimulates fibroblast colony formation and pro-liferati~n.~ In two studies of human patients with acute lymphoblastic or acute myelogenous leukemia and concurrent myelofibrosis, serial sampling before and after chemotherapy demonstrated that fibrosis decreased during r e m i s s i~n '~~*~ and increased with resurgence of blast cells during relapse.23
Immunologic abnormalities, including circulating immune complexes, decreased total hemolytic complement activity, and autoantibodies, have been reported in some human patients with myelofibrosi~.~~'~ Some investigators have proposed that immune complexes have a role in the pathogenesis of myelofibrosis by binding to platelets, thereby causing discharge of PDGF.* In one study, lymphoid follicles were found in the marrow of five of 16 patients with myelofibrosis, leading the authors to speculate that immune complexes might be formed in the intramedullary lymphoid tissue.2 In the present study, lymphoid follicles were found in the marrow of five of the cats with MDS or AML, all of which had grade 2 or 3 reticulin fibrosis. However, lymphoid follicles also were found in two of the control cats which did not have reticulin fibrosis. Although there may be a causal relationship between rnyelofibrosis and intramedullary lymphoid follicles, an equally valid interpretation is that these are concurrent findings. One author reviewed the issue and concluded that immunologic abnormalities in human patients occur late in the development of myelofibrosis and are unlikely to have a role in the pathogenesis of fibrosis.12 Furthermore, lymphoid follicles have been reported in normal canine marrow35 and in association with a wide range of diseases in human patients.** Lymphoid follicles in feline bone marrow have not been reported previously, and the conditions with which they are associated are yet to be determined.
Hemosiderin content was evaluated in the feline marrows because severe hemosiderosis is associated with myelofibrosis in some dogs. Myelofibrosis and osteosclerosis develop in dogs with severe, congenital hemolytic
Correction of the hemolytic anemia by bone marrow transplantation in dogs with pyruvate kinase deficiency corrects the iron overload and prevents development of myelofibr~sis.~~ The results of the present study do not support the hypothesis that hemosiderosis causes myelofibrosis in cats since abundant hemosiderin was found in non-fibrotic as well as fibrotic marrows. However, hemosiderin was absent in a much higher percentage of non-fibrotic marrows than fibrotic marrows, and all of the moderately to markedly fibrotic marrows had hemosiderin. These findings may be interpreted as a temporal, rather than a causal, relationship. Accumulation of hemosiderin and progression of fibrosis may occur concurrently. Serial sampling of affected cats, which would help answer this question, was not possible in the cats in the study since all died or were euthanatized, owing to severe anemia and/or debilitated condition, within a week of diagnosis (unpublished results). Although the duration of noticeable signs of illness for most cats was less than 3 weeks (unpublished results), cats with moderate to marked reticulin fibrosis and abundant hemosiderin may have had a longer period of occult disease than did cats with minimal or no fibrosis and hemosiderosis.
In cats, the possibility that myelofibrosis may be a result of infection of marrow fibroblasts by FeLV must be considered. Some isolates of FeLV produce myelofibrosis and osteosclerosis concurrent with selective suppression of erythrop~iesis.".~~ In one study of experimentally infected cats, C-type viral particles were found in abnormal osteoblasts and osteocytes by electron microscopy." However, in the study of avian monocytic leukemia mentioned above, avian myeloblastosis virus alone had no effect on fibroblast g r~w t h .~ Although most of the cats in each grade of fibrosis were serologically positive for FeLV, a few in each were not antigenemic. This finding does not exclude infection of tissue cells and neither supports nor rules out the possibility of a direct effect of FeLV on marrow fibroblasts. Marrows from many of the cats in the present study are being examined by electron microscopy to characterize the ultrastructural changes in marrow stromal cells and to determine if marrow fibroblasts contain viral particles.
The results of this study show a high prevalence of myelofibrosis in cats with MDS and AML and provide direction for future research. Studies t o detect a n d characterize fibroblast-stimulating factors produced by megakaryocytes and leukemic blasts probably would produce more insight into the pathogenesis of myelofibrosis in cats than further investigation of the effects of hemosiderin or immunologic abnormalities.
